Background: Lung cancer screening with low-dose computed tomography (LDCT) has been recommended, based primarily on the results of the NLST (National Lung Screening Trial). The American College of Radiology recently released Lung-RADS, a classification system for LDCT lung cancer screening.
T
he U.S. Preventive Services Task Force recently recommended (grade B) lung cancer screening with low-dose computed tomography (LDCT) for high-risk current and former smokers (1) . The primary evidence used by the Task Force was the National Lung Screening Trial (NLST), which reported a 20% reduction in lung cancer-specific death associated with LDCT screening (2) . Important considerations for widespread use of LDCT lung cancer screening in clinical practice include the definition of a positive result in computed tomography (CT) screening and the appropriate management of positive screening results.
Much knowledge has accumulated since the NLST was designed in 2002. In this trial, the definition of a positive screening result was a nodule of 4 mm or greater in the longest diameter that had no specific benign calcification patterns. In addition, the NLST achieved its results without a trial-wide specified protocol for diagnostic management for positive screening results. A recent reanalysis of the NLST examined the effect of different cutoffs defining a positive screening result and found that increasing the threshold to 6 or 8 mm would have resulted in substantial decreases in the false-positive result rate with only small corresponding decreases in sensitivity (3) . The International Early Lung Cancer Action Program reported similar results for baseline LDCT screenings, showing a substantial reduction in the positivity rate of screening results with increasing size cutoffs and only a few resultant missed cancer cases (4) .
Over this period, several professional organizations have promulgated lung cancer screening guidelines, many of which define a positive screening result and include nodule management (5-7). The American College of Radiology recently began efforts to standardize the reporting of LDCT screening results in a manner analogous to the use of the Breast Imaging Reporting and Data System for mammography, based on the best available data. This effort included defining a positive result on lung cancer screening CT in the most effective manner, attempting to reduce the substantial falsepositive result rate while having the least possible effect on test sensitivity, and suggesting management recommendations based on lung cancer risk. Published data from several LDCT screening studies, including the NLST, the International Early Lung Cancer Action Program, and the European NELSON (NederlandsLeuvens Longkanker Screenings Onderzoek) trial, were used by a consensus panel to help derive positivity criteria for Lung-RADS (4, 8 -10) , which was officially released in May 2014 (11) . Compared with the NLST criteria, Lung-RADS increases the size threshold for a positive baseline screening result from a 4-mm greatest transverse diameter to a 6-mm transverse bidimensional average (and to 20 mm for nonsolid nodules) and requires growth for preexisting nodules.
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Although data from the NLST, in part, were used to develop the Lung-RADS criteria, only published summary-level data were considered. These data were sufficient to give an approximate positivity rate for Lung-RADS as applied to the NLST but not to give an exact distribution of Lung-RADS scores. This is especially the case for screenings after baseline, where the individual nodule history over time is critical in defining the Lung-RADS category.
We used participant-and nodule-level data to retrospectively apply the Lung-RADS criteria to the NLST. We evaluate the effect of Lung-RADS on the performance characteristics of LDCT screening, including sensitivity, false-positive result rate, positive predictive value (PPV), and negative predictive value (NPV). In addition, we compare the characteristics of the cancer cases detectable by Lung-RADS with those that it would have missed.
METHODS
NLST Design
The NLST randomly assigned participants aged 55 to 74 years to LDCT or chest radiography screening.
Eligibility criteria included 30 pack-years of smoking or greater and current smoking status or having quit within the past 15 years (12) . Participants were recruited at 33 U.S. centers from 2002 to 2004 and received either LDCT or chest radiography over 3 annual screening rounds (denoted T0, T1, and T2). The NLST was approved by the institutional review board at each screening center, and all participants provided informed consent.
The NLST study protocol defined a noncalcified nodule (NCN) of 4 mm or greater in the longest transverse diameter as a positive screening result. For each NCN that was 4 mm or greater, radiologists used standardized forms to report location, greatest transverse and perpendicular diameters, margins, and attenuation characteristics. At T1 and T2, they reported whether the abnormality was preexisting or new based on examinations of previous images and, if preexisting, whether it had grown and whether a suspicious change in attenuation had occurred since past screenings. Noncalcified nodules that were unchanged from T0 to T2, representing stability for 2 years, could be considered benign and constitute a negative screening result at the radiologist's discretion. Other abnormalities, including adenopathy or effusion, could also trigger positive screening results.
Positive results were tracked for resultant diagnostic procedures and lung cancer diagnoses. In addition, participants were followed with annual surveys to ascertain incident cancer cases. All reported cancer cases were verified with medical records, with stage and histologic characteristics recorded. Deaths were tracked with the annual surveys and supplemented by National Death Index searches. Table 1 describes the primary criteria for defining Lung-RADS categories. Categories 1 (negative) and 2 (benign appearance) correspond to negative screening results, and categories 3 (probably benign) and 4 (suspicious) correspond to positive screening results. Category 4 is further divided into 4A, 4B, and 4X (8) . In the context of annual screening, a negative screening result assumes that reevaluation will occur at the next an-
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EDITORS' NOTES Context
The definitions used to classify low-dose computed tomography findings may markedly influence the benefits and harms of lung cancer screening.
Contribution
This analysis of data from a large screening trial found that using the recently proposed Lung-RADS approach to classifying low-dose computed tomography findings substantially decreased the false-positive result rate but with a concomitant decrease in sensitivity.
Implication
Adopting the Lung-RADS classification system may improve the results of lung cancer screening programs. 
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Performance of Lung-RADS in the NLST nual screening, whereas a positive screening result means that additional evaluation is recommended before the next annual screening. The distinctions between the positive screening categories are important because Lung-RADS management guidelines differ substantially across categories, ranging from follow-up CT at 6 months for category 3 to positron emission tomography and CT or biopsy for 4B. In addition, category 2 involves tracking small nodules on the next annual screening, and category 1 does not involve tracking nodules. Lung-RADS criteria distinguish between baseline (first) and subsequent screenings. For baseline screenings (generally lacking comparison examinations), the criteria are based on nodule size, as measured by average diameter, and nodule attenuation (solid, part-solid, or nonsolid). For subsequent screenings, the criteria also consider the preexistence and growth of the nodule. For baseline screenings, positive screening results for solid and part-solid nodules require a size of 6 mm, and 20 mm is required for nonsolid (that is, groundglass) nodules. For positivity on subsequent screenings, 4 mm is required for new (solid or part-solid) nodules, and preexisting nodules must show growth, defined as an increase in size of greater than 1.5 mm. New or growing nonsolid nodules still must meet the 20-mm size requirement. For part-solid nodules, the size and/or growth of the solid component is also considered. The overall Lung-RADS screening category is determined by the nodule with the highest individual Lung-RADS score. Category 3 or 4 nodules with additional features (such as spiculation) or imaging findings that increase suspicion for cancer (such as enlarged lymph nodes) can qualify as category 4X.
Applying Lung-RADS to the NLST
The average diameter for NLST nodules was computed as the mean of the longest diameter and the longest perpendicular diameter. The NLST attenuation classifications of soft tissue, ground glass, and mixed were mapped to the Lung-RADS classifications of solid, nonsolid, and part-solid, respectively. The NLST did not report the amount of growth but only whether growth occurred; therefore, report of growth in the NLST was considered nodule growth for Lung-RADS.
For part-solid nodules, the NLST did not report the size of the solid component, which may be required to distinguish among categories 3, 4A, and 4B. Therefore, if NLST data for a part-solid nodule were consistent with 2 or more categories of 3 or higher, a range (such as 3 to 4B) instead of a single category was denoted for our analysis. These category ranges for part-solid nodules were used only if they constituted (at the upper limit of their range) the nodule with the highest degree of suspicion. In addition, the solid component was assumed to be growing if the nodule as a whole was reported as growing or there was a suspicious change in attenuation; growth specifically of the solid component was not recorded in the NLST.
If other suspicious findings, in the absence of any nodules measuring 4 mm or greater, constituted a positive screening result in the NLST, this was classified as category 4X for Lung-RADS.
Quantitative Methods
Lung cancer was deemed to be present at a screening if it was diagnosed within 1 year or before the next screening (whichever came first) or, for positive results, if it was diagnosed after a longer period but with no time gap between diagnostic procedures of more than 1 year. Lung cancer was deemed to be absent if it was not deemed present and there was at least 1 year of follow-up from screening or the participant died within 1 year of screening. Sensitivity, specificity, PPV, and NPV were computed for Lung-RADS with a positive screening result defined as category 3 or higher. Sensitivity was defined as the percentage of screenings with cancer present that were positive, specificity as the percentage of screenings with cancer absent that were negative (with the false-positive result rate being 1 minus the specificity rate), PPV as the percentage of positive screening results with cancer present, and NPV as the percentage of negative screening results with cancer absent. These quantities were also computed using the original definition for a positive screening result in the NLST. Participants with indeterminate cancer status (cancer not present but also not deemed to be absent due to follow-up of <1 year) were excluded from the calculations of the previously mentioned statistics.
The statistical significance of differences in sensitivity and specificity between Lung-RADS and the original NLST criteria were determined using the McNemar test to evaluate discordant pairs (positive screening results by only 1 criterion); Wald-type CIs for these differences were computed on the basis of the multinomial distribution (13); CIs for the ratio of PPV and NPV for Lung-RADS versus the NLST criteria were computed using the method of Moskowitz and Pepe (14) .
Screen-detected (true-positive) cancer cases in the NLST that were "missed" by Lung-RADS were defined as those with a negative Lung-RADS score (1 or 2) at that screening. The characteristics of missed versus nonmissed true-positive cancer were compared, including stage, histology, and survival. We used the Kaplan-Meier method to estimate lung cancer-specific survival, the log-rank test to assess statistical differences in survival between groups, and the chi-square test to assess group differences in stage and histologic characteristics. All analyses were done using SAS, version 9.2 (SAS Institute).
False-positive screening results in the NLST that would have been "avoided" by Lung-RADS were defined as the (NLST) false-positive results that were negative (score of 1 or 2) on Lung-RADS. In the same way, the number of false-positive results in the NLST with follow-up invasive procedures that were avoided by Lung-RADS was defined as the number of such screening results that had negative Lung-RADS scores. The number of follow-up chest CT scans after false-positive screening results in the NLST that were avoided by Lung-RADS was computed by summing all such scans for which the corresponding screening results were negative with Lung-RADS. Because NLST radiologists did not record the amount but only the occurrence of growth and the Lung-RADS criteria defined growth as a size increase greater than 1.5 mm, we did a sensitivity analysis of our assumption that all nodules reported to be growing in the NLST increased in size by at least that amount. We examined the subset of screenings in which the following occurred: The radiologist reported a growing nodule in a given lobe (lobe X), lobe X had a single reported nodule of 4 mm or greater at that screening and the previous screening, and the same radiologist read the current and previous screening. For these screenings, we computed the amount of growth as the difference in the reported average size of the nodule in lobe X at the 2 screenings. These assumptions eliminated interreader variability and attempt to ensure that the same nodule is being measured at both screenings. However, individual nodules were not tracked, so it is possible that the nodule reported at the previous screening was not the growing nodule. Further, individual measurements were not taken with the aim of optimally estimating amount of growth.
For the previously mentioned subset of screenings in which the amount of growth could be estimated, we computed the proportions for which growth exceeded 1.5 mm (denoted as P CP and P CA for screenings with cancer present and cancer absent, respectively). We then used these proportions to compute alternative estimates of true-and false-positive result rates in Lung-RADS after baseline for the sensitivity analysis. Only the screenings after baseline that had positive results in Lung-RADS due solely to a growing nodule (denoted as N CP,G and N CA,G for cancer present and cancer absent, respectively) were affected by the assumptions about the amount of growth; screening results after baseline that were positive in Lung-RADS due to a new nodule or to nonnodule positive findings (denoted as 
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RESULTS
Of 26 722 total LDCT group participants, 26 455 received an NLST screening, with 26 309 receiving their initial screening at T0 and 146 receiving their initial screening at T1 or T2. All initial screenings, regardless of screening round, were denoted as "baseline" screenings. Of the 26 455 screenings, 23 574 received 2 subsequent NLST screenings, 1523 received 1 subsequent 
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Performance of Lung-RADS in the NLST screening, and 1358 did not receive a subsequent screening, for a total of 48 671 subsequent screenings. Table 2 shows the Lung-RADS categories for the baseline screening. Among screening results with cancer present, most were category 4A (26.7%) or 4B (42.5%). Among screening results with cancer absent, most were category 1 (56.2%) or 2 (31.0%). Cancer prevalence generally increased with Lung-RADS category, increasing from 0.1% (category 1) to 34.7% (category 4B). Table 3 displays Lung-RADS categories for subsequent screenings. For screening results with cancer present, approximately three fourths (72.3%) were either 4A or 4B; the proportion with category 2 increased to 18.2% (from 9.9% at baseline). For screening results without cancer, the proportion with category 2 increased from 31.0% at baseline to 42.5%; the proportion with category 1 (52.2%) was similar to baseline. .7%]; P < 0.001). The false-positive result rate at subsequent screenings was 5.3% (CI, 5.1% to 5.5%) for Lung-RADS versus 21.8% (CI, 21.4% to 22.2%) for the NLST (difference, 16.5% [CI, 16.2% to 16.9%]; P < 0.001). The PPVs at baseline were 6.9% (CI, 6.1% to 7.7%) for Lung-RADS versus 3.8% (CI, 3.3% to 4.2%) for NLST criteria (P < 0.001); at subsequent screenings, PPVs were 11.0% (CI, 9.9% to 12.2%) for Lung-RADS versus 3.5% (CI, 3.1% to 3.8%) for NLST criteria (P < 0.001). The ratio of PPVs (Lung-RADS vs. the NLST) were 1.8 (CI, 1.7 to 1.9) at baseline and 3.2 (CI, 3.0 to 3.4) at subsequent screenings. Negative predictive values were uniformly very high (≥99.8%) but significantly greater for the NLST than for Lung-RADS at both baseline and subsequent screenings (P < 0.001).
Tables 3 and 4 display aggregate data for the 2 screening rounds after baseline; however, Lung-RADS results for these 2 rounds were generally similar (Appendix Tables 1 to 3 , available at www.annals.org).
Of all true-positive cancer cases according to NLST criteria (n = 649), 86 (13%) were missed with Lung-RADS: 25 (9.2%) on baseline screenings and 61 (16.2%) on screenings after baseline ( Table 5) . Of the 25 cases, 12 had only ground-glass nodules smaller than 20 mm and 13 had solid or part-solid nodules smaller than 6 mm. Of the 61 cases missed on subsequent screenings, 26 had only ground-glass nodules smaller than 20 mm (of which 17 were new and 3 were growing) and 35 had solid (or part-solid) preexisting nongrowing nodules.
The 86 missed cancer cases had a stage distribution (65.1% were stage I) similar to that of the truepositive cancer cases that were not missed (61.1% were stage I) (P = 0.48). For histology, the proportions with adenocarcinoma and small-cell carcinoma were not statistically different between the groups (60.5% vs. 53.3% for adenocarcinoma among the missed and nonmissed cases, respectively [P = 0.21] and 11.6% and 6.9% for small-cell carcinoma among the missed and nonmissed cases [P = 0.124]). However, squamous cell carcinoma was significantly less frequent among the missed cancer cases (10.5% vs. 22.6%; P = 0.010). Lung cancerspecific survival did not significantly differ between the groups, with 5-year survival of 71.7% for the missed cancer cases versus 64.2% for those not missed (P = 0.22). Table 5 also shows false-positive screening results and resultant diagnostic procedures that would have been avoided using Lung-RADS. At baseline, 52% of false-positive screening results and a similar percentage of follow-up chest CTs would have been avoided; the percentage of false-positive results with invasive diagnostic procedures avoided was lower (23%). A higher percentage of false-positive results was avoided at subsequent screenings (76%), but the proportions of diagnostic procedures avoided were similar as at baseline.
For false-positive screening results in Lung-RADS after baseline, 56.9% had a new nodule reported, 33.9% had a growing nodule (and no new nodule), and 9.2% had nonnodule-related positive findings. In contrast, among Lung-RADS true-positive screening results after baseline, 59.7% had a growing nodule (without any new nodules). For the sensitivity analysis on nodule growth assumptions, the amount of growth could be estimated for 204 Lung-RADS false-positive screening results and 65 Lung-RADS true-positive screening results, with resulting proportions of growth greater than 1.5 mm of 42.6% and 78.5%, respectively. The alternative Lung-RADS false-positive and true-positive (sensitivity) rates for screenings after baseline were 4.2% and 68.5%, respectively.
DISCUSSION
In this retrospective analysis applying Lung-RADS criteria to the NLST, we found a considerably lower false-positive result rate than in the NLST, especially at screenings after baseline. Sensitivity was lower with Lung-RADS at screenings at and after baseline than with the NLST. The PPV with Lung-RADS was nearly twice as high for baseline and 3-fold higher for screenings after baseline compared with the NLST.
The high false-positive result rate seen in the NLST and LDCT screening studies is generally a major harm and cost driver of LDCT lung cancer screening. Once LDCT screening disseminates and approaches a steady state, most screenings will be done after baseline, at which the reduction in the false-positive result rate with Lung-RADS compared with the NLST was the greatest: approximately 75%. The corresponding reduction (after baseline) in diagnostic procedures was substantially lower (23% for invasive procedures and 46% for chest Performance of Lung-RADS in the NLST ORIGINAL RESEARCH CTs), reflecting that the reduction in false-positive results was weighted toward lower-risk nodules. Nonetheless, using Lung-RADS still has the potential to substantially reduce the burden of LDCT screening. A critical question, however, is how the corresponding sensitivity reduction might affect the mortality benefit of LDCT screening.
Screen-detected cancer cases in the NLST that would have been missed by Lung-RADS either were smaller than 6 mm or were ground-glass nodules (<20 mm) at baseline and were either nongrowing and/or ground-glass nodules at subsequent screenings. Therefore, Lung-RADS-negative (and NLST screendetected) cancer cases might be believed to be less aggressive than Lung-RADS-positive cancer cases. However, 5-year lung cancer-specific survival did not significantly differ between the groups, and similar proportions in each group were stage I cancer. The effect of delaying diagnosis of these Lung-RADS missed cancer cases is unknown, but it cannot be assumed that most are indolent and would not affect lung cancer mortality rates. Although we have considered NLST screen-detected cancer cases that are negative on Lung-RADS as contributing to decreased sensitivity of Lung-RADS, it is unknown what proportion would have presented clinically within the next year as true-interval cancer or would have been screen-detected with Lung-RADS on the next round of screening. Still, even delayed screen-detected diagnosis could adversely affect survival. Our sensitivity analysis using an alternate assumption for growing nodules demonstrated that sensitivity after baseline using Lung-RADS could be further reduced, from 78.6% to 68.5%, compared with 93.8% in the NLST. Sensitivity under Lung-RADS will be an important quality indicator of LDCT screening in clinical practice, and it will be critical going forward to monitor it, as well as the false-positive result rate, using population screening registries. As prospective performance characteristics of Lung-RADS become available, it is expected that it will be revised, similar to the process the American College of Radiology has used to revise the Breast Imaging Reporting and Data System classification scheme for breast cancer screening, now in its fifth edition.
An important limitation of our analysis is that it was retrospective, applying Lung-RADS criteria to participants previously screened using a different definition for screening positivity. Because there is some variability in manually placing electronic cursors during nodule measurement, a radiologist reporting a 5-mm nodule under criteria in which a nodule of 4 mm or greater constituted a positive screening result might not necessarily report the same 5-mm size when a 6-mm cutoff defined a positive screening result; if there is something concerning about the nodule, the radiologist might be biased toward recording a larger measurement, and vice versa. Therefore, it will be important to assess the performance characteristics of Lung-RADS prospectively in settings where it is being used to actually determine screening outcomes.
Overall, applying Lung-RADS criteria to the NLST substantially reduced the false-positive result rate, with smaller corresponding reductions in sensitivity. These findings suggest good performance characteristics for Lung-RADS; however, the potential effect of reduced sensitivity on the mortality benefit of LDCT screening is unknown. Further validation with prospective data collection will be necessary going forward. NLST = National Lung Screening Trial; NPV = negative predictive value; PPV = positive predictive value. * Totals of 22 screening results at baseline and 28 after baseline with cancer absent were positive in Lung-RADS and had nodule characteristics meeting the positive screening criteria but were nonetheless reported as negative screening results in the NLST. Otherwise, all screening results that were positive according to the Lung-RADS criteria were also positive according to the NLST criteria. † 1 minus the specificity rate. 
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